ABSTRACT A balanced armature (BA) receiver has the advantages of small size and high sound quality, which appeal to today's trend of portability and better acoustic quality for hearing aids and earphones. Previous studies on BA receivers have usually used the lumped parameter method or the equivalent magnetic circuit method, but they are not sufficient to describe the complicated behavior of the coupling effects of the electromagnetic, mechanical vibration, and acoustic behavior, especially in the high frequency range. Furthermore, the sound pressure level (SPL) cannot be predicted accurately at high frequency due to the vibration mode of the membrane. This paper proposes a new simulation method based on the 3-D finiteelement method (FEM) and the 3-D boundary-element method (BEM) for a BA receiver. FEM was used to analyze the electromagnetic circuit and the mechanical modal analysis, while BEM was used in the acoustic analysis. The results show the trends of nonlinear parameters, such as the cogging force, inductance, speedance, and force factor in consideration of the nonlinear permeability of soft magnet materials. The coupling effects among the electromagnetic, mechanical, and acoustic behaviors are considered in the analyses. The simulation results were experimentally verified and showed good matchings. This simulation method provides a tool for predicting the SPL in the design process of a BA receiver.
I. INTRODUCTION
There are two dominant types of commercial receiver designs for translating electrical signals into acoustic signals: dynamic receivers (also known as moving-coil receivers) and balanced armature (BA) receivers. BA receivers have advantages of small size and high sound quality, which appeal to current trends of portability and better acoustic quality for hearing aids and earphones. Compared to dynamic receivers, research on BA receivers is relatively limited due to their short history and complicated operating principles. Good prediction of the acoustic performance of a BA receiver is important for its design.
BA receivers integrate an electromagnetic system, a mechanical system, and an acoustic system. A light BA had been primarily used in headphones as a receiver in crystal radios since 1908 by Baldwin. Previous descriptions of BA receivers are limited to their linear operation [1] , [2] . Jensen et al. [3] presented a numerical discrete-time BA receiver model that is capable of describing the key inherent nonlinearities based on the equivalent electric circuit method (ECM). However, they only studied the reduction of the displacement distortion, and no acoustic analysis was included. Tsai et al. [4] investigated the nonlinear harmonic distortion of a BA actuator with asymmetrical magnetic flux based on the work of Jensen with ECM. Jensen later showed in his dissertation [5] that there is a big difference in the analysis of inductance when using ECM and the finite element method (FEM).
Kim et al. [6] used the two-port network analysis method to investigate the electrical input impedance, diaphragm velocity in a vacuum, and output pressure, but they did not examine nonlinear parameters such as the inductance and speedance. Sun et al. [7] proposed a model that integrates the FEM and the lumped parameter method (LPM) for a BA receiver that can take full advantage of the two types of modeling methods with a simplified mechanical and acoustic system. A comparison showed that the model can provide much more accurate prediction of the high frequency response. However, they did not consider the electromagnetic system of the BA receiver, which is also very important. They also used a simplified model that is hard to apply to the design of BA receivers, and no experiment was conducted to verify the simulation method.
Bai et al. [8] presented a new design and implementation of a BA speaker based on a hybrid method that combines LPM in the electrical and acoustic domains and FEM in the mechanical domain. The simulation results matched well with the experimental results, but only at low frequency. At high frequency, many differences appeared. Lee et al. [9] presented a method to analyze the coupling effects between the electromagnetic, mechanical, and acoustical systems in a moving coil microspeaker. However, this method cannot be applied directly to a BA receiver due to the different operational principles.
The present study examines the operating principles of a BA receiver and proposes a new method to predict the sound pressure level (SPL) in the design process. FEM was used to analyze the electromagnetic circuit and the mechanical vibration. The boundary element method (BEM) was used for the acoustic analysis. Two coupling effects in the nonlinear magnetic characteristics are employed: the coupling of the mechanical and acoustic analyses (M-A coupling) based on FEM and indirect BEM, and the coupling of the electromagnetic and mechanical analyses (E-M coupling) based on a numerical analysis using MATLAB. The simulation results were experimentally verified and show good agreement.
II. METHOD OF ANALYSIS
A cross-sectional view of the BA receiver model is shown in Fig. 1(a) . More details are shown in the exploded view in Fig. 1 (b) and in Table 1 . A typical BA receiver includes an armature, coil, two permanent magnets (PM), magnet housing (PM housing), drive pin, center diaphragm (CDP), side diaphragm (SDP), front cover, back case, and spout. A combination of E-shaped and U-shaped armatures is used in this model. The bottom part of the U-shaped armature is wrapped around a coil on the left and placed between two magnets enclosed in the magnet housing on the right. The positions of the two side parts of the E-shaped armature are fixed, and only the bottom part of the U-shaped armature bends.
When the moving part of the armature is precisely centered in the magnetic field, there is no net force on it and it is balanced. When electric current flows through the coil, magnetic flux is induced in the armature and causes the end of the armature to be drawn towards one of the poles of the permanent magnets. With an alternating electric current, the armature bends and moves up and down. The drive pin at the end of the armature transfers the movement to the diaphragm. As the diaphragm vibrates up and down, it compresses and expands the enclosed air and creates a sound wave. This sound wave propagates through the spout of the BA receiver, through the earphone, and into the eardrum.
Based on the working principles of the BA receiver, the analysis should include the three physical domains separately (electromagnetic, mechanical vibration, and acoustic) and two coupling analyses for the E-M coupling and the M-A coupling. A computer with a 3.5GHz i5 CPU and 16GB of memory was used to do all of the simulations. Fig. 2 shows a flow chart of the analysis procedures for the BA receiver. Firstly, the electromagnetic analysis is done using 3D FEM to obtain the distribution of the nonlinear magnetic characteristics: the cogging force, force factor, inductance, and speedance. The force factor, inductance, and speedance (the variance in the flux linkage with changes in coil position) were simplified as functions of the vertical displacement of the armature end. The cogging force is the magnetic force generated by the two magnets and depends on only the vibration position of the armature. The cogging force always tries to pull the armature away from its equilibrium position and can be dealt with as a negative mechanical stiffness [3] , [10] . To maintain the same vertical deformation VOLUME 5, 2017 of the armature end with the original Young' modulus and loading with the cogging force, the Young's Modulus of the armature was decreased when the cogging force load was removed.
A. ANALYSIS PROCEDURES
Based on the modal analysis with the decreased Young's modulus, two-way M-A coupling analysis in the frequency domain was carried out using coupled indirect BEM. 3D solid elements were used in the mechanical structure for FEM, and 3D shell elements were used in the acoustic structure for BEM. In this step, a small assumed force was applied uniformly on the surfaces of the armature between the upper and lower magnets. The displacement response of the armature end is obtained in the frequency domain.
The two-way coupling between the electromagnetic and M-A coupling results was then analyzed by solving the voltage equation in the time domain at a specific frequency in MATLAB based on the results obtained in other analyses. The actual current-dependent force can then be obtained in the whole frequency range with a fast Fourier transform (FFT). The actual current force on the armature is then applied in the M-A coupling analysis again, which is the same as in the third step, and then the actual SPL in the frequency domain can be obtained with two coupling analyses.
B. ELECTROMAGNETIC ANALYSIS USING FEM
The electromagnetic circuit of the BA receiver includes the armature, two magnets, magnet housing, and coil. Since the two side parts of the E-shaped armature are fixed, the bottom armature part of the ''U'' shape is assumed to vibrate as a cantilever beam. Changes in the current and vibration of the armature can affect the magnetic field distribution, so all of the cases should be considered with different current and different vibration position. All of the models were created with different vibrating positions along the central axis of the pin in the range of −0.03 mm to 0.03 mm in the vertical direction. In the static electromagnetic analysis, the magnetic field distribution of all cases can be obtained by applying different currents through the coil in each case with different armature vibration positions. Fig. 3 shows the model for z = 0.03 mm.
The material properties for each part are detailed in Table 2 . The materials of the magnet housing and armature are SPCC and Permalloy, respectively, which both have nonlinear permeability characteristics. The B-H curves of the armature and SPCC are shown in Figs. 4 . Tetrahedral elements and hexahedral elements were used in the mesh of the electromagnetic analysis, and the number of elements is shown in Table 3 .
The magnetic field distribution in all regions of the BA receiver can be calculated by FEM analysis. To use FEM effectively for electromagnetic field analysis, a much finer mesh was used in the armature and the air gaps than in the other parts. An air enclosure was created around the magnetic circuit, and the magnetic potential perpendicular to the outer surfaces of the enclosure was set to zero. In each case of the electromagnetic analysis, the flux density can be calculated in terms of a vector potential, and the calculation satisfies the homogeneous Maxwell equations [11] , [12] :
where B is the vector of the magnetic flux density, A is the magnetic vector potential, and ∇× is the vector curl operation. 5 shows a contour plot of the flux density of the magnetic circuit at z = 0.03 mm without current. The maximum flux density of 1.45T on the color bar is the saturation value of armature material. A large amount of flux passes through the area of the armature wrapped by coil. This means that the armature acts as a core and plays an important role in the magnetic circuit, so the vibration of the armature affects the magnetic field distribution. The magnetic field intensity is: where H is the vector of the magnetic field intensity, and ν is the magnetic reluctivity (ν = 1/µ (B)). The magnetic permeability µ (B) is a nonlinear function of B because both the armature and PM housing are made of materials with nonlinear permeability characteristics. In the 3D Cartesian coordinate system, since the magnetic circuit is located in air in the back volume, the electromagnetic force density can be expressed as:
where µ 0 is the permeability of air, f is the force density vector component in the z direction, n is a unit vector normal to the surface enclosing the body normal vector, and Fig. 6 (a) shows a contour plot of the electromagnetic force density on the armature surfaces at z = 0.03 mm with maximum positive current. It is clear that significant electromagnetic force density is generated in the area of the armature between two magnets. Therefore, the volume on the armature in the red box shown in Fig. 6 (a) can be selected as the body to calculate the electromagnetic force acting on the armature generated by the magnetic circuit. Γ is the surface enclosing the 3D body, and integrating the force density over Γ provides the total force applied to the armature [11] :
where F is the electromagnetic force vector, Γ is the surface enclosing the 3D body to be calculated, and d is a differential area of Γ . Based on the working principle of a BA receiver, only the vertical component of the total force drives the diaphragm vibration of the BA receiver. Thus, the total vertical electromagnetic force along the Z component needs to be calculated. According to the total force vector obtained in Eq. (4), the vertical component force acting on the armature is:
where F z is the vertical component of total magnetic force. The vertical magnetic force can be divided into two parts [3] , [10] : one that is generated by the related electric current, and another that is produced by the magnetic attractive force related to the armature position, which is obtained when the current is zero and called the cogging force. The vertical magnetic force is the sum of these parts:
where i is the electric current in the coil, F current is the current force, and F cogging (z) = F z (i, z)| i=0 is the cogging force. Based on the divided regions and coordinates defined in Fig. 6 (a), Fig. 6 (b) shows the trend of the current force in each band region along the x-axis. The results clearly show that the current force can be treated as an uniformly distributed force on the right side of the armature. Thus, the current force can be expressed as the product of a force factor K f and the current. Fig. 7 shows the simulated cogging force and force factor at different positions.
The effective magnetic flux passes through the coil according to Faraday's law, and the induced back electromotive force (back-EMF) in an N-turn coil loop is:
where λ is the flux linkage, and d x /dt is the change rate of the effective magnetic flux in the x direction passing through the N loops. The effective flux linkage passing through the cross-sectional area A of all loops is obtained by a surface integral:
There are two reasons for changes in the flux linkage in the BA receiver. One is the varying magnetic field produced by the alternating current in the coil because the armature acts as a core for the coil in the magnetic circuit. The other reason is a change in the flux path through the region of the armature wrapped with a coil with a varying vertical position. In other words, the change in flux linkage passing through the loops is based on the alternating current i and the varying vertical 
Thus, the inductance and speedance can be evaluated as:
In the electromagnetic analyses for each case with a different armature position, the inductance can be evaluated using Eq. (11) after obtaining the flux linkage-current curve. All of the positions were evaluated, and the inductance curve with respect to position was obtained as shown in Fig. 8 (a) . The slope of the flux linkage curve with respect to position is the speedance, as shown in Fig. 8(b) .
C. MECHANICAL-ACOUSTICAL COUPLING ANALYSIS BY 3D INDIRECT BEM
The M-A coupling analysis was done using 3D indirect BEM, which can couple and solve mechanical vibration and acoustic analyses at the same time. The vertical vibration displacement and sound pressure on the microphone were obtained using the loading force in four steps. Firstly, the mechanical and acoustical models were created and meshed separately. In the mesh of the mechanical modal analysis, a mixture of tetrahedral, pentahedral, and hexahedral elements was used. In the mesh of the acoustic analysis, triangular and quadrilateral shell elements were used. The numbers of element are shown in Table 3 . Modal analysis of the structural modeling was then done based on the boundary conditions.
The uncoupled modes were used to describe the structure. The air effect was taken into account when assembling the complete M-A coupled system, and the coupling analysis of the modal-based vibration-acoustic response was performed with an assumed loading force. In this step, the loading force acts on the area shown in Fig. 6 because the current force can be treated as uniformly distributed on the right side of the armature. The mechanical damping ratio and the air damping ratio were selected as 0.13 and 0.08, respectively. Finally, the response of the coupled system can be obtained in terms of the displacement of the armature end in the frequency domain.
The mechanical FEM model includes the whole model except for the spout and the FPCB. The vibration system includes the armature, the pin, CDP, and SDP. The other parts of the model help to restrain the vibration system. The material properties of each part in the vibration system are shown in Table 4 . The natural frequencies of the mechanical vibration system and the associated vibration mode shapes are obtained as eigenvalues:
where [K s ] is the structural stiffness matrix, [M s ] is the mass matrix, and {z} is the displacement vector. The cogging force is almost a linear function of z, as shown in Fig. 7(a) . Because the cogging force always tries to attract the armature to the upper or lower PM, it should be removed from the harmonic analysis. After removing the cogging force as a negative mechanical stiffness [3] , [10] , Eq. (13) can be expressed as:
where K eq is the effective equivalent stiffness matrix. The deformation z of the modified Young's modulus of the armature with a loading force and the cogging force removed should be similar to the deformation with the original Young's modulus, loading force, and cogging force. The modified Young's modulus of the armature was decreased to 82 GPa based on the simulation analysis. The acoustic model must be combined with the BA receiver and the experimental setup. As shown in Fig. 9 (a) , the sound wave generated by the vibrating SDP flows out of the BA receiver through the spout, propagates through the tube to the 2-cm 3 coupler, and vibrates the testing microphone surface. As shown in Fig. 9 (b) , the acoustic model includes the back volume of air, SDP, front volume of air, spout, tube connecting the spout with the coupler, the coupler itself, and the testing microphone surface.
The acoustic boundary is set as a rigid wall without absorption since the material of the cover and coupler is stainless steel, and the absorption effect of the tube is ignored. An assumed uniform loading force was applied to the armature, and mesh mapping was used to mutually map the results on the structure SDP and the acoustic SDP. Based on the modified modal analysis, a coupled forced-vibration and acoustic-response analysis was performed as shown in Fig. 10 . The dynamic finite element equation of the forced mechanical-acoustic coupled analysis is: Fig. 11 shows the frequency response of the coupled displacement of the armature position. 
D. NUMERICAL ELECTROMAGNETIC-MECHANICAL COUPLING ANALYSIS
The actual loading force can be determined at each frequency using MATLAB after obtaining the distribution of the nonlinear electromagnetic characteristics and the displacement response of the mechanical-acoustic system, as shown in the flow chart in Fig. 12 . For a specific frequency f n , the assumed vibration waveform of the armature is defined as Eq. (16) according to the specific amplitude and phase of the assumed displacement response shown in Fig. 11 . The voltage waveform is defined as Eq. (17) based on the parameters in Table 1 .
Based on Eq. (16), all of the nonlinear magnetic characteristics in terms of the armature position in Fig. 7(b) and Fig. 8 can be converted to the time domain. The current waveform can then be calculated by solving the voltage equation:
where R is the DCR shown in Table 1 . The actual force waveform depends on the current and can be determined by:
The actual root-mean-square (RMS) force is related to the current and can be calculated based on the actual force waveform. The actual force amplitude at a specific frequency can then be obtained. The actual force amplitude for the whole frequency range can be obtained by repeating the entire flow chart in Fig. 12 , as shown in Fig. 13 .
The pressure on the membrane of the microphone can be acquired by applying the actual force amplitude for the whole frequency range in the simulation of the M-A analysis again, as shown in Fig. 14 . The SPL can then be calculated as:
where p ref is the reference pressure (20×10 −6 Pa). By applying a similar numerical analysis process at each frequency, the SPL in the whole frequency range can be obtained. 
III. EXPERIMENTAL VERIFICATION
Samples were manufactured based on the design and simulation, as shown in Fig. 15 . An experiment was done to verify the simulation results. Fig. 16 shows the experimental setup from the NTi Audio Company, which is usually used to measure the SPL and THD of a microspeaker or receiver. The sound pressure of a BA receiver was measured using an artificial ear (type 43AB, G.R.A.S Sound & Vibration Company) with a 2-cm 3 coupler (type RA0038) connected to the NTi setup. The setup includes a Rapid-Test (RT) analyzer with a type TR-2M transceiver, power amplifier, the assembled artificial ear, and the RT-speaker software installed on a computer.
The artificial ear set includes a type-26AC 1/4" preamplifier. The type-40AG microphone in the artificial ear is a 1/2" externally polarized pressure microphone with rear venting. The rated voltage applied to the test sample was 0.179 V rms . The sinusoidal signal was swept with intervals of 1/12 octave from 100 Hz to 10 kHz. The system transforms the sound signal on the microphone to the frequency domain using FFT. The pressure in the frequency domain can then be measured. combined resonance of the vibration system and the air in the back volume. The second one is due to the combined resonance of the SDP, CDP, and air in the back volume, front volume, spout, tube, and coupler. From 100 Hz to 10 kHz, the simulation results match well with the experimental results.
IV. CONCLUSION
E-M coupling and M-A coupling effects were considered in this study using 3D FEM and 3D BEM. This approach is different from other studies, which used common methods such as LPM or ECM. In the simulation, the nonlinear permeability of soft magnet materials was used in the 3D FEM electromagnetic analysis. The trends of nonlinear parameters such as the cogging force, inductance, speedance, and force factor have been presented, and the stiffness from the force cogging was treated as a negative mechanical stiffness. This simulation method considers the coupling effects to predict the SPL in the design process of a BA receiver. The SPL curve in the simulation matched well with the experiment results. 
